In a previous work we have exhibited a clear description of the quantum-to-classical transition of cosmological quantum fluctuations in the inflationary scenario using the de Broglie-Bohm quantum theory. These fluctuations are believed to seed the small inhomogeneities, which are then responsible for the formation of large scale structures. In this work we show that using the de Broglie-Bohm theory it is also possible to describe the quantum-to-classical transition of primordial perturbations which takes place around a bouncing phase, even if the latter is caused by quantum effects due to the quantization of the background geometry.
I. INTRODUCTION
According to the usual accounts of structure formation, inflation drove the early Universe to a very homogeneous and isotropic configuration [1] [2] [3] [4] [5] , in which only quantum vacuum fluctuations could have survived. These fluctuations have then resulted into classical perturbations of energy density which started to form structures (such as stars, galaxies and clusters of galaxies) through gravitational instability (although there are also models, known as warm inflation models, according to which those classical inhomogeneities originate from thermal fluctuations [6, 7] ). The same picture is advocated in some bouncing models [8] : small quantum fluctuations exist in a regime where the universe is dust-dominated, very big and rarefied. Their quantum state is very close to the Minkowski vacuum and the amplitudes of the fluctuations are amplified over time.
There has been a lot of discussion in the literature about the possible mechanisms behind the transition from cosmological quantum fluctuations to the small classical inhomogeneities which seed the structure formation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . A successful explanation needs to deal with the measurement problem [1, 2, 4] . Namely, the initial quantum state is homogeneous and isotropic and needs to result in classical fluctuations which are not symmetric. The Schrödinger evolution preserves the translational and rotational symmetry. Hence, according to standard quantum theory, this symmetry can only be broken through collapse of the wave function. This collapse is supposed to happen upon measurement. But in the early universe there is no measurement device or observer which could cause such a collapse. Even worse, we are dealing with a description of the whole universe and hence there is not even place for an external measurement device or observer. All these structures, including measurement devices, are supposed to emerge from the primordial fluctuations themselves. As such, to address the problem of the quantum-to-classical transition of fluctuations, we need to use an alternative to quantum theory that is free of the measurement problem.
In a recent paper [22] , we have considered the de Broglie-Bohm theory [24] [25] [26] to study the quantumto-classical transition of these fluctuations for the case of inflationary theory (see [23] for an earlier study). We have shown that this transition can be explained very easily and naturally. The de Broglie-Bohm theory solves the measurement problem by postulating an actual field configuration, which is guided in its motion by the wave function. In the cosmological scenario, this actual field configuration is neither homogeneous nor isotropic, so it does not share the symmetries of the quantum state, and it behaves classically (i.e., obeys the classical field equations) when expected. In our analysis we did not appeal to decoherence. If there is suitable decoherence then our results still hold. In other approaches that solve the measurement problem, such as the many worlds theory, an explanation of the transition requires suitable decoherence. Much work has been performed on studying possible sources for the decoherence (it could come, for instance, from the coupling between different modes, or from interactions with other matter fields), as well as possible time scales at which it could occur, see e.g. [15] and references therein. However, it seems fair to say that there are no conclusive results yet concerning the source and time scales of the decoherence [3] .
Other approaches to the measurement problem worth mentioning are dynamical collapse theories. Various collapse models are being developed in order to account the quantum-to-classical transition of primordial fluctuations, see e.g. [16-18, 20, 21] and references therein.
In this paper, we address the problem of the quantumto-classical transition of cosmological perturbations for bouncing scenarios [27] . In inflationary models, from the perspective of de Broglie-Bohm quantum theory, the fast suppression of the decaying mode and the consequent dominance of the growing mode ensured the quantumto-classical transition of the perturbations. However, in bouncing models growing and decaying modes are interchanged at the bounce. Hence it is a priori not clear when the dominance of one mode over the other becomes really effective and it is not trivial to know when the perturbations will begin to behave classically. Moreover, bounces can happen due to quantum gravitational effects [28] and this could also disturb the classicality of the perturbations. We will show that, in spite of these facts, in general bouncing models, the perturbation modes begin to behave classically before the bounce takes place if the physical scale of the perturbations has become larger than the curvature scale of the background and the contraction has lasted a sufficiently long period of time. In fact, this is the case for all perturbations of cosmological interest. The calculations were done, again, in the context of the de Broglie-Bohm quantum theory.
In the next section we will summarize the classical dynamics of cosmological perturbations in general bouncing models. In section III, we will consider the quantum description of the perturbations, in the context of the de Broglie-Bohm theory, and show how the quantum-toclassical transition takes place. In section IV a particular example of a quantum bouncing model is presented. We end up with the conclusions in section V.
II. LINEAR COSMOLOGICAL PERTURBATIONS IN GENERAL BOUNCING MODELS
Let us first consider the classical description of cosmological perturbations. In the next section we will turn to the quantum description.
The perturbations are considered in a background Friedmann-Robertson-Walker model, with scale factor a and uniform total matter distribution with density ρ and pressure p, and are described by the Mukhanov-Sasaki variable v(x, η), which combines both fluctuations of the matter and metric. The parameter η is conformal time defined by adη = dt, t being cosmic time. The Lagrangian for the Mukhanov-Sasaki variable, which can be derived from the Einstein-Hilbert action, is given by
where the primes denote derivatives with respect to conformal time and
H = a ′ /a is the conformal Hubble function, which relates to the Hubble function H = a −1 da/dt through H = aH and x = a 0 /a is the red-shift function. Subscripts 0 refer to present day values. The Lagrangian yields the following equations of motion for the Fourier modes v k (η),
Defining Ω = ρ/ρ c , where ρ c is the critical density today, and using the energy conservation equation
we obtain
where R H = c/(a 0 H 0 ) is the co-moving Hubble radius.
In the case the background matter is a single fluid with p = wρ we have Ω = Ω 0 x 3(1+w) and
and Eq. (3) reduces to
The general solution of the mode equation (3) can be formally expanded in powers of k 2 as [29]
where we have presented the terms up to order O(k 2 ). The lower bounds η i in the integrals are related to initial conditions that depend on the specific model being considered. The coefficients A 1,k and A 2,k are two constants, determined by the initial conditions, which are roughly the same order of magnitude [30] . We will be interested in the situation where c 2 s k 2 ≪ z ′′ /z and hence we will take only the first terms of the series above.
This description of the perturbations is valid, in the case where entropy perturbations are negligible, in the contracting and expanding phases when the dynamics is given by the General Relativity Einstein's equations, and through the bounce itself in the case of the quantum bounce which we will discuss below. For general bounces, it is not clear that solution (8) is valid through the bounce, neither do we have any particular analytic solution in order to evaluate it away from the bounce as we have in the case of the quantum bounce presented in [28] , which will be considered in section IV. However, if the bounce is short enough, an estimate of Eq. (8) away from the bounce, where General Relativity is valid, will be sufficient to evaluate the orders of magnitude of the amplitudes, assuming that a short bounce does not change the mode evolution to much.
In order to analyze the quantum-to-classical transition, we focus on the term
which appears in the solution (8) (we are assuming that the contracting phase begins at a very large negative conformal time, which we take to be η i → −∞). This term grows with time. We can write
where
is a constant. For the case the bounce is dominated by a single fluid with equation of state parameter w q , this constant was evaluated in Ref. [27] and reads
where E = H/H 0 = Ω(x), a subscript b refers to the values of the physical quantities at the bounce. It must be understood that, although evaluated at x b , the functions E(x) and z 2 (x) in Eq. (12) are the usual general relativistic expressions for them which are valid just before the bounce but maybe not through the bounce itself.
For realistic bounces occurring at energy scales bigger than the nucleosynthesis energy scale we have x b = a 0 /a b ≫ 10 10 . Furtermore, since w q ≪ 1, which is needed in order to obtain a scale invariant spectrum (see [28] ), it follows that B ≫ 10 10 . Hence, the solution for the mode functions v k around the bounce (η ≫ −∞) is given by
In the last approximation we assumed that A 1 and A 2 are roughly of the same order. Equation (13) is the main result of this section and will be used in the next one to achieve the classical limit.
Remember that it is valid for perturbation modes for which c ′′ /z (i.e., when their physical wavelengths are much larger than the curvature scale of the contracting background) and in case the background space has already contracted enough.
III. THE DE BROGLIE-BOHM APPROACH TO PERTURBATIONS
We now consider a quantum mechanical treatment of the Mukhanov-Sasaki variable, keeping the background classical. The classical equation looks very similar to that of inflationary scenario. Therefore we can proceed in a similar way as in [22] .
The Lagrangian (1), which formally looks like that of a free scalar field with a time-dependent mass, can be straightfowardly quantized. Assuming a product wave
In the de Broglie-Bohm approach, there is also an actual field v(η, x) whose Fourier modes satisfy the guidance equations
Whenever z ′′ /z is negligible with respect to c 2 s k 2 , which happens in the far past in the contracting phase for the modes of physical interest, vacuum initial conditions can be imposed on the wave function. This yields the solution
with f k a solution to the classical mode equation (3) that is isotropic (so that A 1 and A 2 in (8) depend only on k) and that satisfies f k (
The quantum state Ψ is homogeneous and isotropic.
For this quantum state, the solutions to the guidance equations read
Note that this result is independent of the precise form of f k (η). Since f k is a solution of the classical equation of motion (3), the classical limit will be achieved whenever |f k (η)|, as a function of time, is proportional to f k (η).
As we have seen, around the bounce we have that (see Eq. (13)),
Thus, for large wavelengths, i.e., c
and hence
which means that the perturbations (17) are evolving classically.
IV. EXAMPLE OF A QUANTUM BOUNCE
As an example, we will present a quantum cosmological model with a perfect fluid with equation of state p = ωρ modelling the matter source, quantized following the Wheeler-DeWitt prescription (see [28] for details). The background spatial metric is assumed to be flat. Considering only scalar perturbations, the Wheeler-
where the scale factor a is the only remaining gravitational degree of freedom of the background, and T is the fluid degree of freedom used to define time. The perturbations are described by the variable v, which is the gauge invariant Mukhanov-Sasaki variable. We assume a product wave function of the form
From the above equation we get the following continuity equation for ρ(a, T ) = a
where S is the phase of Ψ (0) . Using the de Broglie-Bohm approach, we postulate an actual scale factor which obeys the guidance equation
Using a gaussian with width T c /2 as the initial wave function (see Ref. [28] ), integration of this equation yields
where a b is an integration constant. Changing the description to conformal time according to the relation dη = [a(T )] 3ω−1 dT , we get for Ψ (2) the equation
where, as before, the primes denote derivative with respect to η and a(η) is the solution of the guidance equation (24) , and Ψ (2) (v, η) is related to the conditional wave function Ψ (2) (a(T ), v, T ). In this case, the equation of motion for the variable f k (η) defined in Eq. (16) (with z replaced by a) is identical to Eq. (7), except for the fact that the quantity a is now a given function of time, the Bohmian trajectory shown in (25) . Therefore, solution (8) , with z replaced by a and c 
Note that this exact calculation is in accordance with the estimate (12) . Hence B is very large, Eqs. (13) and (19) are valid, and the quantum-to-classical transition takes place.
V. CONCLUSIONS
Using the de Broglie-Bohm theory, we have established the quantum-to-classical transition of primordial perturbations for a large class of bouncing models. We also considered the particular example of a quantum bounce described in [28] , for which there is an analytical solution for perturbations during the bounce.
While the wave function of the perturbations is homogeneous and isotropic, the actual perturbation v(x, η) is not symmetric. It is a superposition of A 1,k and A 2,k modes. As we showed in section III, during the bounce the A 1,k mode becomes negligible compared to the A 2,k mode (see Eq. (13)), so that the mode v k (η) and hence the field v(x, η) behave classically.
As in the inflationary case, we did not invoke decoherence. If at some stage in this transition there is decoherence in the field basis, this will not destroy the classical behavior of the fields.
